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SUMMARY 

The experimental work on t h i s  program may be grouped under f ive  
phases as follows: 

I. Development of Ektreme Vacuum Technology Util izing the Vapor-Jet Mechanism 
and a Helium Perneation Guard Technique 

A. A new helium guard technique for glass w a s  developed which lowers 
the permeation of helium by three orders of magnitude. 
sists of treatnient with cesium m e t a l  may be easi ly  applied t o  exis t iag glass  
systems. 

The technique which con- 

After the cesiationtreatment, the pressure i n  a special  glass system 
using f ive stages of mercury vapor pumping,fell below the detectable l eve l  of a 
commercial Redhead magnetron gauge (10-13 Torr or below). 

B. A special  vapor-jet test  system w a s  designed and operated t o  ana- 
lyze experimental je t  designs. 
the pressure d i f f e ren t i a l  across a j e t  vary di rec t ly  with boi le r  pressure; how- 
ever, pump speed reaches a peak and P a l l s  off long before the maximum pressure 
d i f fe ren t ia l  i s  reached. Thus, a two boi le r  o r  combination je t  arrangement is 
indicated. .t 

Results indicate t h z t  both the pump speed and 

11. Determination of the Quantities and Species of Gas Above Getter-ion Pumps 
and Chemically-h-apped O i l  Diffusion Pumps 

The spectrum of gases above a getter-ion pump w a s  recorded. 
sults indicate t h a t  t h i s  type p- has a limited a b i l i t y  t o  remove helium, i .e . ,  
pump surfaces eventually become saturated. 
these surfaces can be reactivated by a 455'C bake in vacuum. 

The re- 

However, it w a s  a lso  shown t h a t  

The gases above a chemically-trapped o i l  (E-705) diffusion plunp have 
been studied by means of a sensit ive p a r t i a l  pressure analyzer. 
shown t h a t  no o i l  components can be detected i n  the system i f  the  chemical t r a p  
i s  at l iquid nitrogen temperature; however, trace amounts are detectable if the 
t r a p  is  at room temperature. A discussion of the other gases present i s  given. 

It has been 
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111. A Physical Adsorption Isotherm fo r  Iner t  Gases 

The performance of a cryogenic vacuum system depends on the amount of 
gas a cryopanel can adsorb, i .e . ,  on the adsorption isotherm. A new physical 
adsorption isotherm based on a t r iangular  s i t e  model has been derived. 
isotherm i s  l i nea r  for  very-low coverages, reduces t o  the Langmiur adsorption 
isotherm when there i s  only f i r s t  layer  coverage, yields  a superposition of two 
Langmiur adsorption isotherms when there  are only  two layers  present, exhibi ts  
d i s t inc t ive  steps as each additional layer  i s  condensed, and predicts  f i n i t e  
f i lm thicknesses fo r  saturat ion pressures. The complex equations, which must 
( for  three layers  or  more) be solved i t e r a t ive ly ,  have been programmed and 
executed on an IBM 1620 Data Processing System. 
helium, hydrogen, and neon gases being adsorbed on porous g lass  a t  4.28' and 
8.OO'K. 
nomically design future  cryopanels f o r  spec i f ic  jobs. 

This 

Results have been obtained f o r  

These r e su l t s  vividly demonstrate how the  theory can be used t o  eco- 

IV. Development of a Total-Pressure Gauge f o r  Readings Below 10-l2 Torr 

Development work w i t h  total-pressure gauges was carr ied out w i t h  com- 
mercial Redhead magnetron gauges (NRC type 552). 
sure response f o r  helium was found t o  break sharply from l i n e a r i t y  at 7 x 10-10 
Torr (or 4 x 10-9 Torr when corrected fo r  the low ionization sens i t i v i ty  of 
helium). A plot  of the response fo r  pressures below the break assumed a slope 
of 1.43 so t ha t  an indicated reading of 1 x 10-13 Torr fo r  helium should be 
corrected t o  1.3 x 10-12 Torr due t o  the  nonlinear response and t o  8.4 x 10-12 
Torr due t o  the low ionizat ion sens i t i v i ty  of helium. 

The ion current-to-gas pres- 

Following a cesiat ion treatment of the gauge elements, the sens i t i v i ty  
increased by a factor  of two and the  break point moved down by a fac tor  of two. 
Another beneficial  r e su l t  of the cesium treatment technique w a s  t he  instantane- 
ous s t r i k i n g  a b i l i t y  afforded even at the  lowest pressures. 
vacuum system used f o r  t h i s  gauge development program took the ion current re- 
sponse t o  a value below the detectable limit with the present equipment. Fur- 
t h e r  development of the magnetron gauge i s  now indicated.  

The extreme high 

V. Investigation of the  Adhesion of Metals Exposed t o  Vacuum and Thermal Out- 
gassine 

The adhesion or cold welding tendency of s t ruc tu ra l  metals as a re-  
sult of vacuum and thermal outgassing was investigated.  
num, and titanium alloys were exposed t o  a UHV of 3 x 10-10 Torr for  1,000 hr .  
and t o  a 350OC thermal degassing treatment i n  a 

Stainless  s t ee l ,  alumi- 

Torr vacuum fo r  100 hr. 

- 2 -  



Samples were tes ted  with both the or iginal  surface texture and with polished 
surfaces. The sample faces were exposed for  vacuum degassing, then brought in- 
t o  contact by ro ta t ing  the vacuum system. 
the samples under the  influence of gravity gave a measure of adhesion. 
angle of repose was less fo r  polished samples, but no change occurred due t o  
e i the r  vacuum exposure or  combined thermal and vacuum outgassing. 

The m a x i m  angle of repose between 
The 

The surface energy cr i te r ion  fo r  cold welding predicts a welding 
between two surfaces when the  formation of a common interface results i n  a 
lowering of t he  net free surface energy of t h e  two materials. 
surfaces with s table  oxide layers would not be expected t o  cold weld according 
t o  t h i s  c r i t e r ion  as the  experimental resu l t s  have ver i f ied.  

Therefore, metal 



I. DEVELOPMENT OF MTREME VACUUM TECHNOLCGY UTILIZIITG THE VAPOR-JFT 
MECHANISM AND A HELIUM PERMEATION GUARD TECHNIQUE 

The u l t i  a t e  vacuum i n  a room temperature glass  chamber i s  l imited by 
helium permeation, 3 from the  atmosphere through the  glass  walls.  A simple tech- 
nique has been developed which lowers the  room temperature permeation r a t e  by 
three orders of magnitude (see Section A below). 

The ultimate vacuum i n  a rcercury diffusion pumped system may a l s o  be 
l imited by the  back diffusion of gases through t h e  vapor j e t s d  
vapor-jet t e s t  system was used t o  predict  an improved design arrangement fo r  
reducing back diffusion, without the  attendant loss of pumping speed (see 
Section B ) .  

A special  

A.  A Technique for  Reducing Helium'Permeation Through Glass 

A simple nethod for  t r ea t ing  glass  vacuum chambers t o  s igc i f icant ly  
reduce the helium permeation r a t e  has been discovered. 
applied t o  exis t ing vacuum systems by merely introducing a few grencles of 
cesium ni t ra te  in to  the system then baking t o  about 425°C. The cesium n.itrc?.te 
compound decomposes abcve 414°C and f r ee  cesium metal i s  evolved. Cesium i s  a 
proper replzcement for  s i l i con  i n  the  s i l i con  dioxide tetrahedra of glass .  
Cesium i s  very active chemically and the  possible combinations with a clean 
glass surface are many. Several forms of cesium oxide with temperature stabil-  
i t y  t o  400°C are  known. Such a cesium treatment was applied t o  two large glass  
vacuum systems and was found t o  lower the ultimate pressure l i m i t  and the  par- 
t i a l  pressure content of helium. 
Section 11) was used t o  determine the e f fec t  of cesium treatment upon a large 
pyrex glass re-entrant tube (Fig. 1). 
helium (760 Torr) fa i led  t o  r a i s e  the  helium l eve l  i n  the  analyzer. The same 
experiment applied t o  the  same glass  tube before cesium treatment increased the  
helium p a r t i a l  pressure by a factor  of th ree .  

The treatment may be 

The p a r t i a l  pressure analyzer system (see 

Introduction of a f u l l  atmosphere of 

Two additional experiments were performed with vycor glass  helium 
diffusers.  
cesium. 
tem and t reated w i t h  cesium. 
fuser was found t o  be reduced by three orders of magnitude at moderate tempera- 
t u re s .  
m n t  can be removed and subsequent operation is  again normal. 

One was attached t o  the  p a r t i a l  pressure analyzer and t rea ted  with 
The other vycor diffuser  w a s  attached t o  the  extreme high vacuum sys- 

I n  both systems the normal operation of t h e  d i f -  

By ra i s ing  the  vycor d i f fuser  t o  approximately 325'C the  cesium t r e a t -  

The ease with which t h i s  simple treatment may be added or removed and 
the significant reduction afforded give promise of wide application t o  glass  
vacuum systems. 
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B.  Analysis and Development of the Vapor-Jet Pumping Mechanism 

The vapor-jet pumping mechanism i s  a useful t o o l  fo r  obtaining an 
However, there  are  serious l imitat ions which become ultra-high vacuum.=/ 

prominent i n  the UHV range, namely: back diffusion, back spraying, and the  pro- 
duction of gases from pump components (including pumping f l u i d ) .  The purpose of 
t h i s  phase of t he  program i s  t o  study these e f f ec t s  and t o  suggest improved d i f -  
fusion pump designs. 

A vapor-jet t e s t  system (see fig. 2 )  has been designed, constructed, 
and tested i n  which the  e f f ec t s  of vapor pumping and back diffusion car, be 
studied as functions of t he  operating parameters, i .e ., bo i l e r  pressure,=/ 
w a l l  temperature,=/ nozzle geon!etry,3-6/ and stack geometries. The r e su l t s  
of these var ia t ions can then be evaluated i n  terms of (1) pump speed,?/ ( 2 )  
pressure differences which can be maintained across a pumping stage (pressure 
differentials) ,1/  and (3) vapor-jet configurations .4,8/ 
designed t o  permit not only dynamical pump speed and pressure d i f f e ren t i a l  meas- 
urements, but a l so  photographic studies by use of a glow discharge technique.!?/ 

This chamber has been 

1. Design of vapor-jet t e s t  system: The pump speed measuring sub- 
system is shown schematically i n  Fig. 3 .  H e l i u m  or H2 can be diffused in to  the 
vapor-jet t e s t  chamber through a calibrated conductance, C.  The pressures on 
each s ide  of t h i s  cal ibrated o r i f i ce  are  measured by Bayard Alpert gauges (B.A.G. 
1 and B.A.G. 2 ) .  The throughput of gas i s  therefore given by the  equation: 

where Q = quantity of gas (Torr l i t e r s  sec.- l )  , 
C = conductance ( l i t e r s  sec.- l )  , 
P = pressure (Torr) . 

- 6 -  
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VAPOR JET TEST CHAMBER 

WATER JACKET 
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PYREX TO KOVAR SEAL 

Fig. 2 - Schematic of Main Glass Apparatus of t he  Vapor-Jet Test System 
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B.A.G. B.A.G. 
I 2 

* 

- 
LN2 LN2 

TRAP TRAP - 
i 

VAPOR JET 

CHAMBER 

1 - T E S T  I C '  He DIFFUSER # I  

+ 

FORE 4 H2 D I F F U S E R # 2  
LINE - 

Fig.  3 - Schematic of the Pump Speed Measuring System. H e  o r  H2 May be Leaked 
I n t o  t h e  Test Chamber Through the  Diffuser No. 1 and No. 2 and t h e  

Calibrated Conductance, C . Pressure Indicat ion of B.A.G. 1 
and B.A.G. 2 Permits Cclculation of the Throughput. 

B.A.G. x B. A.G. z 
FORE LINE I 1 v A ~ ~ ~ ~ E '  1 I 

CHAMBER 
u 

He DlFFUSER#3 
I 1 I 

Fig. 4 - Schematic of the Pressure D i f f e r e n t i a l  Measuring Subsystem. He or Hp 
May be Introduced I n t o  the Forel ine by Diffuser No. 3 o r  No. 4. 

Pressure Indicat ions of B.A.G. 3 and B.A.G. 1 Then Give 
The Pressure Difference Across the Test Chamber. 
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!-,!hen B.A.G. 1 and I3,A.G. 2 indiczte tha t  an eqv.ilibrim Fressure r&io  has been 
established, the pumping speed i s  given by: 

where Sp = pump speed ( l i t e r s  sec .-l) , 

Q = throughput (Torr l i t e r s  sec.-l)  , 
Pl = pressure indicated by B.A.G. 1 . 

Note tha t  by the use of a LN2 t r a p  the system measures essent ia l ly  the pumping 
character is t ics  fo r  the two noncondensible gases (He, H z )  which are being added 
t o  the system by means of the diffusers  No. 1 and No. 2 .  

Pressure d i f f e ren t i a l  measurements can be made by using the  sub- 
system as shown schematically i n  Fig. 4 .  
the  forel ine by means of diffusers  No. 3 and No. 4. Therefore the concentration 
of He and H2 can be raised i n  the forepressure l i n e  and can be monitored by 
B.A.G. 3 . 
dication of back diffusion fromthe foreline.  

Helium and H2 may be introduced in to  

Pressure changes indicated by B.A.G. 1 w i l l  give a qual i ta t ive in- 

A "glow discharge" technique was developed t o  render the pumping 
f lu id  (mercury) v i s ib le  and t o  thus study vapor stream character is t ics .  
glow discharge i n  the mercury gas i s  achieved by using a high frequency genera- 
t o r  ( t e s l a  c o i l )  connected t o  a c i rcu lar  electrode (5 in .  O.D. x l in .  wide) en- 
compassing the water jacket of the t e s t  region. 
determining the  envelope geometry and expansion r a t io s  of various vapor j e t  de- 
signs. 

The 

This technique i s  useful f o r  

2. Construction of vapor-jet test system: The main glass system 
(Fig. 2 )  consists of an experimntal  diffusion pump which operates i n  the  UHV 
range by vir tue of a standard three-stage pump used as a backing pump. Various 
j e t  designs may be inserted i n  the experimental chamber by means of a removable 
boi ler .  The system components are b r i e f ly  described below. 

The 75 l i t e r / s ec  three-stage glass mercury diffusion pump, which i s  
It i s  connected t o  the t e s t  used as a backing pump, has a 75 mm. I .D.  inlet. 

chamber v ia  a 60 mm. I .D.  glass tube. The t e s t  chamber i s  actual ly  an experi- 
m n t a l  diffusion pump consisting of a 60 mm. I .D. t e s t  chamber equipped with a 
cooling jacket and a demountable boi le r - je t  assembly. The high vacuum end of 
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the  t e s t  chamber i s  connected by means of a 35 mn. I.D. glass  tube t o  a trap- 
gauge assembly and by means of a 60 am. I.D. tube t o  a known conductance 
or i f  i c e .  

The calibrated o r i f i ce  was made by accurately boring a small hole, 
To bore 

An opt ica l  g r i t  (120) was used as the  abrasive i n  a water suspension. 

The w a l l s  of the o r i f i c e  were then pol- 

with an  ultrasonic d r i l l ,  through a glass  p la te  of known thickness.  
the or i f ice ,  a 1/8 i n .  diameter brass t i p  was mounted on an ultrasonic d r i l l i n g  
cone. 
Chipping around the edge of the o r i f i c e  w a s  minimized by d r i l l i n g  from each 
surface t o  the center of the p l a t e .  
ished wi th  a 400 g r i t  paste on a ceramic rod at  ro ta t iona l  speeds varying from 
1,000 - 16,000 rpm. The thickness and diameter of the o r i f i c e  were then meas- 
ured accurately. The dimensions Of the  o r i f i c e  are  0.433 2 0.012 cm. diameter 
by 0.323 f 0.012 cm. length. 

The conductance (F) of the  o r i f i c e  was calculated by a standard equa- 
t i o d  for the f r ee  molecule flow pressure range 

1/2 
F = 3.638 KA( $ ) ( l i t e r s / s e c )  , 

where K = Clausing or  var ia t ional  factor  , 
A = Cross-sectional area of the  o r i f i c e  (cm.2) , 
T = Temperature ( O K )  , and 

M = Gram molecular weight of gas species . 

The constant 3.638 car r ies  the dimensions necessary t o  give [F] i n  l i t e r s  per 
second. 
factors ,  as given by Dushman.?/ 
Table I for temperatures covering the  operational range from below room up t o  
bake-out . 

Conductance values fo r  various gases were computed using the  Clausing 
The r e su l t s  fo r  He, 02, and Hg are shown i n  
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TABLE I 

CALCULATION OF ORIFICE CONDUCTANCE 

K = o s a i 4  A = 0.1480 

He 02 Hg 
M = 4.0026 M = 31.9988 M = 200.5900 

Temp. (OK) F ( l i t e r s / sec )  Temp. ( O K )  F ( l i t e rs / sec)  Temp. (OK) F ( l i te rs / sec)  

250 .OO 
275 .OO 
300.00 
325 .OO 
350.00 
375 .oo 
400.00 
425 .oO 
450.00 
475.00 
500 .OO 
525 .OO 
550.00 
575 .oo 
600.00 
625 .OO 
650.00 
675 .OO 
700 .oo 

2.47 
2.59 
2.71 
2.82 
2.92 
3.03 
3.12 
3.22 
3.31 
3.41 
3.49 
3.58 
3.67 
3.75 
3.83 
3.91 
3.98 
4.06 
4.14 

250.00 
275.00 
300.00 
325 .OO 
350.00 
375 .oo 
400.00 
425 .OO 
450 .OO 
475 .OO 
500 .OO 
525 .OO 
550.00 
575 .oo 
600 .OO 
625 .OO 
650.00 
675.00 
700.00 

0.87 
0.91 
0.95 
0.99 
1.03 
1.07 
1.10 
1.14 
1.17 
1.20 
1.23 
1.26 
1.29 
1.32 
1.35 
1.38 
1 .41  
1.43 
1.46 

250 .OO 
275 .OO 
300.00 
325 .OO 
350.00 
375 .oo 
400.00 
425 .OO 
450.00 
475 .oo 
500.00 
525 .OO 
550.00 
575 .oo 
600.00 
625 .OO 
650.00 
675 .OO 
700.00 

0.34 
0.36 
0.38 
0.39 
0.41 
0.42 
0.44 
0.45 
0.46 
0.48 
0.49 
0 .50 
0.51 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 

The boi le r  unit for  the experimental diffusion pump i s  mounted on a 
60 m. I .D.  glass-to-Kovar seal, with a s ta inless  s t e e l  flange (Varian 4-1/2 in .  
x 2-1/2 in .  Conflat flange). A similar flange has a l s o  been attached t o  the 
bottom end of the t e s t  chamber. An ultra-high vacuum sea l  can be maintained 
for  at l ea s t  two months with a standard disposable copper gasket between the 
flange faces. 
inner edge of the disposable gasket. 
glass  tube mounted on a ground glass j o in t .  
experimental nozzle assemblies can be mounted. 
b ly  j e t  stack, and an experimental. nozzle assembly. 
diffusion pump boiler  is f i t t e d  with a re-entrant tube for  the inser t ion of 
temperature sensors. 

Experience has shown tha t  mercury amalgamation i s  limited t o  the 
The removable jet  stack i s  a 12.5 mm. I .D.  

Figure 5 shows the  boi ler  assem- 
A t  the  other end of the  stack the 

Note tha t  the experimental 

- 1 1 -  
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Liquid nitrogen t raps  used on the system are of two var ie t ies  (see 
Figs. 2 and 6 ) .  
for  cryogenic l iquid i n  the inner sphere only. 
ing bake-out but only cold water i s  required dur ing  long runs. 
reduces the amount of mercury vapor tha t  reaches the  upper type B t raps .  
B t raps  are of special  construction with a double-wall outer dewar t o  provide 
cooling of both inner and outer spheres. Note tha t  only one t r a p  is  used be- 
tween the tes t  chamber and B.A.G. 2 since large quantit ies of mercury are not 
transmitted t o  t h i s  t r a p  due t o  the rest r ic ted conductance of the  o r i f i ce  (see 
Fig. 2 ) .  
type UHV 12 Ionization gauges. H e l i u m  diffusers employed with the system are 
of two types. 
vycor tube w i t h  a throughput capacity of 0.1 micron l i t e r / s ec .  The d i f fuser  i n  
the  pressure d i f f e ren t i a l  measuring subsystem (see Fig. 4 )  employs a specially- 
constructed large-size quartz tube with an estimated throughput capacity of 
1 micron l i t e r l s e c .  
quantit ies of helium while maintaining impurity levels  i n  the  par t s  per million 
range. 

Type A t raps  are of standard spherical design with provision 
Liquid nitrogen i s  used follow- 

This procedure 
Type 

This latter t r a p  i s  always activated with LN2. The gauges are Varian- 

The pump speed measuring subsystem (see Fig. 3) uses a standard 

This experimental diffuser will supply re la t ive ly  large 

An auxiliary pumping system which consists of a 5 l i t e r / s ec  single 
stage mercury diffusion pump is  used t o  provide a low forepressure fo r  the main 
diffusion pump. 
Torr) i n  the  en t i re  system when both the  three-stage and experimental diffusion 
pumps are deactivated f o r  bake-out. A Biondi-type chemical t r a p  is inserted i n  
the  forel ine.  
mechanical pump. 
of the single stage pump t o  monitor operating forepressures of the main d i f -  
fusion pump (while extracting the mercury pa r t i a l  pressure) and pressures dur- 
ing bake-out cycles. 
t o  the high vapor pressure of mercury.) 

It i s  also used t o  maintain a nonoxidizing vacuum (below 

Activated alumina is  used t o  reduce o i l  backstreaming from the 
A mercury McLeod gauge i s  connected t o  the high vacuum side 

(The ionization gauges cannot be used during bake-out due 

Special furnaces, both fixed and movable, have been constructed t o  
fu l f i l l  the bake-out requirements (200' t o  35OOC). The fixed type furnace uses 
the glass s t ructure  as a frame onto which the heater elements are  mounted. The 
materials used f o r  construction of the  furnaces are: aluminum f o i l ,  asbestos, 
and f iberglass  insulated heating tape. They a re  used-in the following manner: 
A layer  of f o i l  i s  wrapped onto the glass t o  insure even heat dis t r ibut ion.  
heater tape is tnen mounted preceded by a thin layer of asbestos t o  reduce the  
poss ib i l i ty  of a short c i r cu i t  through t h e  aluminum f o i l .  A thick layer  of 
asbestos i s  then applied t o  provide thermal insulation. Since the asbestos is 
applied when w e t ,  it conforms eas i ly  t o  the contour of the apparatus t o  provide 
a compact and convenient bake-out arrangement. 

The 
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The movable furnaces, used for  baking the gauges, are cylindrically 
shaped devices capped a t  one end and constructed s i m i l a r  t o  the fixed furnaces. 
These units are  formed on rolds which provide the proper dimensions t o  enclose 
the ion gauges. When the asbestos dr ies  it becomes suf f ic ien t ly  ri.gid so tha t  
the heating elements require no additional support. 

Because of the extended nature of the glass apparatus, the fixed furn- 
ace has been divided in to  s i x  control zones. Each zone consists of heater tapes 
2 f t .  i n  length, wired i n  paral le l ,  and controlled by a Variac. A t  l e a s t  one 
iron-constantan thermocouple monitors the temperature of each zone. In  addi- 
t ion,  the movable furnaces have been divided in to  four control zones: (1) 
B.A.G. 1 and B.A.G. 3, (2)  B.A.G. 2, ( 3 )  t e s t  chamber, and (4 )  the demountab1.e 
boi le r  assembly. 
constantan thermocouple. 

Each of these zones i s  also monitored by a t  l e a s t  one iron- 

A three-point suspension system was constructed t o  hold the major 
glass apparatus (see Fig. 7 ) .  
bench. The s ta in less  s t e e l  flange a t  the lower end of the test chamber i s  
attached t o  these pivot points. 
t h i rd  suspension point. 
the glassware since the pivot assembly r e s t r i c t s  two degrees of freedom. 

Two pivot bushings are mounted on a s t e e l  frame 

The base of the three-stage pump forms the 
The flanges can be bolted together without s t ra ining 

Thermal expansion of the m e t a l  support arms, shown i n  Fig. 7,  mzy 
cause a s t r a i n  i n  the glassware during bake-out. Therefore co i l s  of 1/8 i n .  
copper tubing (not shown i n  Fig. 7 )  have been wound onto these arms adjacent 
t o  the s ta in less  s t e e l  flange. 
maintains the temperature of the support arms at a safe leve l  throughout the 
degassing cycle. 

A regulated flow of water through these co i l s  

3 .  Performance t e s t s  with the experimental diffusion pump: Per- 
formance of the vapor-jet t e s t  system has been evaluated and found t o  be sa t i s -  
factory.  Photographs of the experimental vapor-jet at various boi le r  pressures 
have been taken. 
lected and tabulated fo r  various boi ler  pressures. 
vacuum pump stages should be operated at  low boi ler  pressures fo r  greatest  pump 
speed while backingstages should operate with high boi ler  temperatures t o  main- 
t a i n  large pressure d i f fe ren t ia l s .  

Pumping speed and pressure d i f f e ren t i a l  data  have been col- 
Results indicate t h a t  high 

The design fo r  the experimental nozzle used i n  the evaluation of t h i s  
system i s  shown i n  Fig. 8. 
mm. (0.049 in . ) .  The system w a s  baked fo r  4 hr.  a t  200°C before activating the 
t e s t  nozzle. The boi le r  pressure w a s  raised i n  stages and photographic studies 
(as described above) were conducted at various times. Figure 9 shows some ty-p- 
i c a l  photographs of the  jet  stream action at  various boi le r  pressures. 

The gap dimension for  these t e s t s  w a s  s e t  at 1.24 

0- 
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Fig. 8 - Dimensional Drawing of Experimental Nozzle a. 1 
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pump speed and pressure d i f fe ren t ia l  measurements (as described on 
pages 6-9) were made and these resu l t s  are shown i n  Fig. 10. The t o t a l p r e s -  
sure above the test  chamber during these measurements was Torr. The pump 
speed measurements show a peak operation for  a boi ler  pressure which i s  lower 
than tha t  required t o  maintain a large pressure d i f fe ren t ia l .  The pressure d i f -  
f e r en t i a l  curve was not extended t o  maximum because the nozzle assembly was 
raised off the j e t  stack by the boi le r  pressure ( 5 0  Torr) at  t h i s  point. 

The above r e su l t  suggests t ha t  it may be well t o  consider the  use of 
two diffusion pumps or one pump equipped with two boi lers  so tha t  the backing 
stages can be operated at a higher boi ler  pressure than the  high vacuum pumping 
stage. 
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Fig. 10 - Plot of Pump Speed Data and Pressure Differential Values for an 
Experimental Vapor-Jet vs. the Boiler Temperature 
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11. DETERMINATION OF TBE QUANTITIES AND SPECIES OF GAS ABOVE 
GFME3-ION PUMPS AND CREMICALLY TRAPPED 

O I L  DIFFUSION PUMPS 

An extremely sensit ive gas analyzer has been used t o  study the opera- 
t i o n  of getter-ion pumps, diffusion pumps, and a special  cryo-adsorbent t rap .  

A .  Equipment and Techniques 

A General Electr ic  p a r t i a l  pressure analyzer, Model 514, tube type 
ZS 8008, has been obtained with several  modifications. 
or iginal ly  described by Davis and Vanderslice .SI The modifications have been 
described by Davis .GI 
ion source, a 90' sector magnetic analyzer with a 5 cm. radius of curvature, a 
2.85 kilogauss permanent magnet, and a 10-stage electron-multiplier ion detec- 
t o r .  The tube and magnet are bakeable t o  425OC. The ion source contains a 
thoria-coated iridium filament which has a low work function and thus operates 
at a lower temperature than a tungsten filament. Both the disassociation of 
gases and the radiation heating of neighboring components i n  the ion source are  
great ly  reduced. In  addition, the source contains a second ionizing current 
filament of sp i r a l  tungsten design. 
design has been placed i n  close proximity t o  the ion cage for  degassing metal 
par t s  by electron bombardment. 
electron bombardment of the glass envelope (thus avoiding the erroneous produc- 
t i o n  of gases by decomposition of g lass ) .  

This instrument was 

The analyzer tube uses a Nier-type, electron-bombardment 

Another special  filament of s p i r a l  tungsten 

It i s  mounted l a t e r a l l y  i n  the tube t o  prevent 

Since it i s  desirable t o  mount the analyzer tube r ig id ly  ( for  accurate 
alignment i n  the magnetic f i e l d ) ,  a bellows assembly was used t o  mechanically 
i so la te  the glass envelope from the vacuumplumbing. A special  universal jo in t  
was bui l t  t o  withstand the 25 l b .  of atmospheric compressive loading on the 
bellows when it is evacuated. 

The getter-ion pumped vacuum system (Figs. 11, E ( a )  and 12(b)) w a s  
equipped with several experimental par t s .  A Varian ionization gauge monitors 
t o t a l  pressures i n  the system down t o  the 10-11 Torr range. 
system using diffusion pumps was also necessary because of the unsatisfactory 
operation of the getter-ion (8 l i t e r s / sec )  pump when pumping r e l a t ive ly  large 
amounts of helium. 
(Fig. 13), a UHV 2-in. diffusion pump w i t h  a water cooled chevron t rap,  a 1-in.  
booster diffusion pump, a valve, a bakeable forel ine chemical trap,  and a 
mechanical pump. A l l  jo in ts  beyond the forel ine of the booster pump are  welded 
or sealed by metal gaskets (gold above 2-in. pump and above chevron t rap,  alumi- 
num above booster pump, and copper elsewhere). The diffusion pumps were f i l l e d  
with DC-705 f lu id .  

An auxiliary vacuum 

"he auxi l iary system has: a special  cryo-adsorbent t r a p  
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G O  TEST OF? AUXILIARY EQUIPMENT 
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U H V DIFFUSION 

L - - - - - - - - - - 
<AUXILIARY VACUUM SYSTEM 

Fig. ll - Schematic of Auxiliary Vacuum System and Partial Pressure Analyzer 

- 21 - 



Fig .  12( a )  - P a r t i a l  Pressure Analyzation System 
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The specially designed cryogenic and chemical adsorption t r a p  shown 

Zeolite, activated alumina, or  some 

(Zeol i te  was 
The t r s p  i s  a l l  hel i -arc  welded, and thus f u l l y  

I n  operation, a dewar f i l l e d  with l iqu id  nitrogen i s  raised around 

i n  Fig. 13 i s  constructed of 304 s ta in less  s t e e l  and i s  similar i n  design t o  
the chemical t r a p  proposed by Biondi .21 
other active adsorbent may be placed i n  the annular t ray ,  a t  the bottom of the 
ver t ica l  tube, and i n  the bottom of the 4-1/2 in .  O.D. chamber. 
used f o r  the present t e s t s . )  
bakeable. 
the en t i re  t rap .  

The bake-out zone (including the  auxi l iary vacuum system) has been 
selected t o  enclose a l l  degassing surfaces which a re  i n  proximity t o  the  UHV 
region. The f i r s t  diffusion pump je t  can a l so  be thoroughly outgassed (Fig. 
11). All of the s ta in less  s t e e l  tubing used above the bakeable valve (includ- 
ing the valve i t s e l f )  has been electropolished. Also, prior  t o  assembly, t h i s  
equipment was chemically cleaned i n  an ul t rasonic  bath. These procedures have 
been employed t o  speed degassing and assure the lowest value of desorption. 
The auxi l iary vacuum pumps permit : (1) thorough baking (including the  ge t te r -  
ion pump); (2)  high puqping r a t e s  f o r  i n e r t  gases; and thus (3) lower ultimate 
pressures during the course of special  experiments. 

B. Results 

Figures 14 and 15 show the cracking patterns f o r  the residual  gases 
above a getter-ion pump and a chemically-trapped o i l  diffusion pump, respec- 
t ive ly .  The nonintegral peaks a t  m/e = 16.2, 17.2,  19.2, 35.6, and 37.6  a re  
quite unexpected. These posit ions appear i n  both Figs. 14 and 15. The origin 
of the ions  corresponding t o  these peaks i s  believed t o  be a t t r ibu tab le  t o  
surface ionization stimulated by electron bombardment of metal cage par t s  .g/ 
The ions a re  then accelerated in to  the s l i t  system a t  a preferred angle. 
angle i s  such t h a t  the ions following t h i s  t ra jec tory  prodwe nonintegral peaks. 
Such peaks would only be detectable i f  a re la t ive ly  large number of surface 
ions were produced a t  a localized region of the  ion cage. 
produced i n  large numbers a t  a l l  points of the cage,integral peaks would be 
randomly broadened so a s  t o  obscure the nonintegral ones. 

This 

If surface ions were 
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Lichtma& has reported tha t  nonintegral peaks a r e  due t o  the fo l -  
lowing ions: 

16.2* 16+ = 0'' adsorbed GO + electron bombardment. 

17.2 17+ = OH++- adsorbed H20 + electron bombardment. 

19.2 19+ = I?+ (surface ion generated by electron bombardment of 
metd cage). 

C l +  (surface ion generated by electron bombardment of 
37.6 37+ metd cage). 

Based on the above discussion it w i l l  be assumed ( for  the  following analysis)  
t ha t  the  ions represented by these nonintegral peaks ex is t  i n  negligible amounts 
in the  gas phase. 

Figure 14 presents an analysis of the gases present i n  a getter-ion 
pumped vacuum system. The system used for  these studies i s  sbown i n  Fig. 12. 
Mass spectrums were obtained following three different  treatments of the system: 
(I) a pump down t o  1.6 x lo'* Torr without a bake; (11) a bake of the en t i re  
system at 22OoC ( the electron multiplier was baked at 425°C t o  activate the 
dynodes with cesium); and (111) a bake of the ion-pump at 45SoC, while the  re- 
mainder of the  system w a s  at room temperature. The three sets of data  were 
normalized with respect t o  H2 and plotted together i n  Fig. 14. Mass spectra 
following conditions I, 11, and III are identified by three symbols, respec- 
t ive ly :  . (dot);  o (c i rc le ) ;  and A (triangle). 

The r a t i o s  between the H2 sens i t iv i t ies  for  each set of data were 
calculated and used t o  compile Table 11. 

* The numbers reported i n  t h i s  column are  peculiar t o  our analyzer and do not 
necessarily correspond exactly with Lichtman's values. 
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Most of the  l i nes  on the  spectrum (Fig. 1 4 )  can be accounted for  by 
the  first 10 gases l isted i n  Table 11. However, the group of l i nes  between 
m/e = 23.2 and 27.2 are not as eas i ly  ident i f iable .  
some hydrocarbon such as C2Hq which may have metastable ions i n  the 10-8 t o  
Torr pressure range. 
peaks i n  t h i s  region of the spectrum. 

These are probably due t o  

n e s e  metastable ions could account for  the  nonintegral 

A par t icu lar ly  large increase of (surface) and Cli ions w a s  noted 
following t he  455°C bake of the  ion pump. It i s  in te res t ing  t o  note t h a t  HC1 
and HI? acids are used i n  the commercial cleaning process f o r  these pumps. It 
i s  not unlikely t h a t  t race  amounts of these agents remained i n  the pump a f t e r  
the cleaning procedure and were l iberated by the high temperature (455OC) bake 
of the ion pump. 

Figure 15 shows the mass spectrum above a chemically-trapped o i l  d i f -  
fusion pump. 
chemical t r a p  at  room temperature (-) and at l iqu id  nitrogen temperature (0) 

The two s e t s  of data points represent t he  operation of the  

The residual  gases in  the system during t h i s  study were CHq, H20, He, 
Also, there  i s  a group of hydrocarbon peaks a t  

The amunts of these residual  gases do not appesr t o  
Be, L i ,  C02, CO, NO, and 02. 
d e  = 24, 25, 26, and 27. 
be affected grea t ly  by the chemical t r a p  temperature. However, note the  absence 
of Peaks 78, 50, 51, 52 and 39 when the  t r a p  is  at LN2 temperature. These Peaks 
coincide with the  most intense par ts  of t he  benzene cracking pattern.  The ben- 
zene pat tern i s  charac te r i s t ic  of the  DC-705 pumping f l u i d &  This result in- 
dicates t h a t  at  room temperature a chemical t r a p  i s  not suff ic ient  for  reducing 
backstreamin@;, i f  a vacuum system i s  t o  operate at a very low pressure (UO-11 
Torr ) . 
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111. A PHYSICAL ADSORPTION ISCrrHfBM FCW INERT GASES 

The conventional Brunauer-Wett-Teller (BET )15/ adsorption isotherm 
i s  based on the physical adsorption of i ne r t  (negligible intermolecular i n t e r -  
act ions)  gases by a sol id .  
r e a l i s t i c  model, met with such general success tha t  a new calculation based on 
an improved mode& (see Fig. 16, p.32) has been developed which re ta ins  much 
of the simplicity of the BET adsorption isotherm. To f a c i l i t a t e  understanding, 
the model w i l l  be developed i n  two independent steps.  I n  subsection A, the 
adsorption isotherm for  a tr iangular s i t e  model is derived assuming the ener- 
gies of adsorption t o  be knawn. 
of adsorption a re  derived. 
i n  C. 
systems. 

This isotherm, although based on a physically un- 

In  subsection B, equations fo r  the energies 
The isotherm equations a re  solved, and discussed 

Subsection D contains numerical predictions f o r  some useful adsorption 

A .  Derivation of the Triangular S i t e  Adsorption Isotherm 

The derivation given here is  based on the discipline of s t a t i s t i c a l  
mechanics. L e t  Xr be the number of adsorbed par t ic les  i n  the  r - th  layer. 

Then the t o t a l  number of adsorbed par t ic les ,  A , I s  given by A = > X, 

and B i s  the t o t a l  number of 
adsorption sites on the surface of the adsorbent and M is  the number of 
layers containing adsorbed par t ic les ,  i .e.,  Xr = 0 f o r  a l l  r > M . The 
number of ways i n  which A 
par t ic les ,  N , leaving Ng 

M 

r=l 
0 c XM 2 XM-l s ... I; Xg 5 X1 s B , where 

par t ic les  can be picked out of the t o t a l  number of 
par t ic les  i n  the parent gas i s  given by 

N! 
Ng!A! 

where N = Ng + A . Of the  A adsorbed par t ic les ,  X1 have t o  be assigned t o  
the f i r s t  layer, X2 t o  the second layer, e tc . ;  t h i s  can be done 

A! xl!x,! .XM.I' I 

different  ways. The number of ways X1 par t ic les  can be assigned t o  B 
s i t e s  i s  
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B! 
( B-X1 ) ! 

and, i n  general, the number of ways par t ic les  can be assigned t o  S, 
sites on top of the Xr, l  pa r t ic les  i s  given by 

S,! 

FindLly, the number of ways 
i n  the parent gas with a specified distribution-in-energy {ngJ] i s  the 
Boltzmann count : 

% par t ic les  can be assigned t o  the  energy s t a t e s  

where n is the nunber of gas par t ic les  i n  the j - th  energy l eve l  of the gas 
and u) is the  degeneracy weight of the j- th energy level.  The t o t a l  number 
of ways, C , t h a t  N par t ic les  can be assigned t o  the over-all system is then 
given by the product of a l l  the numbers i n  Eqs.  (1-4), divided by N! t o  
account fo r  t he  indistinguishabili ty of the par t ic les :  

g j  
gs 

S,!S,!. . . 

I n  the  BET theory the s i t e s  are given by 

but this is physically unrea l i s t ic  since it assumes that  a pa r t i c l e  is equally 
l i k e l y  t o  be adsorbed a t  a point of neutral equilibrium ( s i t t i n g  on top of 
only one pa r t i c l e  i n  the next lower layer) as  t o  be adsorbed a t  a t rue  equi- 
librium point. 
be attached t o  three par t ic les  i n  the next lower layer (see Fig. 16). 

To avoid t h i s  d i f f icu l ty  assume t h a t  an adsorbed par t ic le  must 
This 
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Side TOP 
View View 

Layer r :  

Layer r-1: 

BET Model 

Side View Top View 

Triangular S i t e  Model 

Fig.16 - Si t e  Models 

presumes the t r iangular  s i t e  model t o  be one of t rue  equilibrium, i.e.,  t h a t  
intermolecular interact ions do ex i s t  and a r e  not negligible.  We w i l l  require, 
however, t h a t  the  intermolecular interact ions be no stronger than the Lennard- 
Jones 4-5 potent ia l .  This i s  our def in i t ion  of "physical adsorption". Fur- 
ther  assuming tha t  the pa r t i c l e s  a re  adsorbed randomly i n  location and are  not 
mobile, i.e., l a t e r a l  intermolecular interact ions a re  neglected, the probabil- 
i t y  of s i t e  1 (see Fig.16) being occupied is  

whereas the probabi l i t ies  of s i t e s  2 and 3 being occupied are, respectively, 
given by 

Based on t h i s  model the number of s i t e s ,  Sr , available fo r  an adsorbed 
pa r t i c l e  i n  the r - t h  layer i s  given by the  product of the  probabi l i ty  of three 
adjacent s i t e s  i n  the (r-1)-th layer  being occupied simultaneously and the  
t o t a l  number of possible s i t e s ,  B: 
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- *r 

i s  very large (on the  order of 1015) and hence 

where 

many B 

8, - - i s  the decimal percentage occupancy of the r - th  layer. Nor- 
B 

Sr can be simply 
expressed as 

t o  an excellent approximation. Hcwever, now Sr need not be an integer and 
the f ac to r i a l s  i n  Eq. (5) are not defined. 
generalized fac tor ia l ,  the gamma function, w i l l  be used. 

To circumvent t h i s  d i f f icu l ty ,  the 
Letting 

Eq. (5) becomes 

X o = B ,  S 1 = B ,  O 0 = 1  

The s t a t i s t i c a l  problem is  t o  find the  numbers Xr and "gj t ha t  

give a maxim value t o  
number of par t ic les ,  N , and a given t o t a l  energy, E , of the system. 
words, the entropy of the system i s  maximized. 
a re  given by 

In C , under the r e s t r i c t ions  implied by a given t 0 - d  

In  other 
The r e s t r i c t ions  on the system 

where 
energy of adsorption f o r  each adsorbed par t ic le  i n  the  r - th  layer.  

is the energy of the j - t h  energy l e v e l  i n  the  gas and Wr i s  t h e  
It i s  
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commonplace t o  s e t  a l l  W, , for r > 1 , equal t o  the  energy of evaporation 
from the l iquid phase. However, the energies of adsorption w i l l  be inves t i -  
gated i n  the next section and for the present we simply assume them t o  be 
known quantit ies.  Since N and E are  constant and I n  C i s  a maximum, 
t h e i r  variations must vanish : 

Q ivl - -  
dE = E “gjdngj - 2 w,a, = 0 , 

j =1 r =1 

where 
adsorbed par t ic les  and Cg 
Using the Lagrangian mult ipl iers  

C = C a.g C , C, being t h a t  par t  of the product pertaining only t o  the 
t h a t  pa r t  pertaining only t o  the gas par t ic les .  

a , B , t h e  following equation is obtained: 

In  t h i s  expression independent var ia t ions of dXr and dngj can be made. 
Consequently, t he  equation can only be s a t i s f i e d  if  each expression enclosed 
by parenthesis is equal t o  zero, i.e.,  

Equation (11) i s  the c l a s s i ca l  equation of an ideal gas t rea ted  
separately from the adsorbed layers  and, assuming n very large, leads t o  
the  ident i f ica t ion  of a and fj i n  terms of t he  chemical potential ,  p, , 
and the absolute temperature, T , of the  gas p h a s e d  

gj 
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where k is the Boltzmann’s constant. The idea l  gas equation also follows: 

pV = N p !  (13 1 

I. 

where V is the volume, p is the  pressure, m i s  the mass of a gas part ic le ,  
and h is  Planck’s constant. These resu l t s  are derived from the classical 
distribution-in-energy which i s  valid w h e d  

If t h i s  va l id i ty  equation 
s t a t i s t i c s  must be used. 

is not satisfied,  Bose-Einstein or Fermi-Dirac 

It is  now convenient t o  define a new parameter, y, , such tha t  

and t o  evaluate t h i s  new parameter 
From Eqs.  (13) and (14) we obtain 

I n  terms of physically measurable parameters. 

Equation (10) can now be written as 

P 
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This i s  the basic  equation t o  solve i n  deriving the adsorption isotherm. 
Differentiating Eq. ( 7 )  we obtain 

B. Derivation of the  EneEgies of Adsorption 

The energy of adsorption, tJ, , i s  defined as the  difference between 

We assume here t h a t  t he  energy of adsorption, Wr , of the 
As 

the  energy of a f r e e  pa r t i c l e  a t  r e s t  and the  energy of an adsorbed pa r t i c l e  
i n  the r - t h  layer .  

I r - t h  layer  is  the  same value throughout t he  layer  and i s  always posi t ive.  

A l l  arguments of the gamma functions a re  cer ta in ly  very, very large w i t h  the 
only two exceptions occurring a t  r = 1 and r = M . A t  r = I4 , BeM may be 
small, and a t  r = 1 ; BO1 or B(1-81) may be small. Since it i s  convenient 
t o  use the S t i r l i n g ' s  approximation fo r  the gamma functions of large arguments, 
these two cases w i l l  be excluded by requiring t h a t  XM >> 1 , B >> X1 , i .e. ,  
the  following equations w i l l  not be va l id  for ,  say, the f irst  100 atoms t o  be 
added t o  the top layer and the l a s t  100 atoms t o  be added t o  the bottom layer.  
However, we a re  nominally concerned wi th  orders of magnitude of 1015 and, hence, 
these r e s t r i c t ions  a re  r e l a t ive ly  minor. 
Eq. (19) we obtain 

Using S t i r l i ng ' s  approximation i n  

I 

and 

The las t  equation, together with Eq. (17), completely defines the t r iangular  
s i t e  physical adsorption isotherm. 
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stated i n  the l a s t  section, it is  commonplace t o  s e t  a l l  Wr , for  
equal t o  the energy of evaporetion frcm the liquici phase, 
equal t o  an experimentally determined energy of adsorption a t  low coverages. 
Hawever, t h i s  cannot be j u s t i f i e d  since 
t i m e s  greater  than Wz 
sorbed pa r t i c l e s  from entering the second layer.  
l a r l y  bad when one notices that ,  frm Eq. (17), the 0ccupa .n~~ of upper layers 
i s  exponentially dependent on t h e  energy of adsorption, i.e., a s m a l l  d i f fe r -  
ence i n  the energy of adsorption makes a large difference i n  the coverage. 
T h i s  subsection gives a detai led al ternat ive based on a systematic evaluation 
of the  intermolecular potentials.  

r > 1  
ThTa , aiid t o  set 

i s  usually a t  l ea s t  a hundred 
and, hence, this assumption l i t e r a l l y  prevents any ad- 

W1 

Wl 

The assumption is  particu- 

Assume t ha t  the intermolecular potent ia l  between the adsorbed mole- 
cules, ;i , can be closely approximated by the Iennard-Jones (n-m) potent ia l :  

where p is the distance between the  molecules, o is the  distance of c losest  
approach of two molecules which col l ide w i t h  zero i n i t i a l  r e l a t ive  k ine t ic  
energy, and 
The Lennard-Jones (6-12) potent ia l  i s  sham i n  Fig. 17.  
s tan ts ,  CT and e , are unknown, they can be estimated i n  many ways, e.g., 
f rm the  boi l ing oint,  melting point, Boyle temperature, second v i r i a l  co- 
e f f ic ien t ,  e t c .  d l e t t i n g  R be the  equilibrium distance between the  ad- 
sorbed molecules, it i s  necessary that 

e i s  the  maximum energy of a t t r ac t ion  of the two mo1ecules .a  
When the  force con- 

i.e., 1 - 
m-n 

R = (F) CT 

* The exponent m should not be confused with the  mass m . A double meaning 
i s  to le ra ted  here since the context always unambiguously c l a r i f i e s  which 
meaning i s  t o  be used. 
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n 
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W 

4 

Fig 17 - Lennard-Jones Intermolecular Potential  

Similarly, the intermolecular potent ia l  between the adsorbed molecule 
and an adsorbent molecule, % , can be approximated as  

C?1=4€1[(?f-(?f]  , k > a  (24 ) 

When the interaction force constants ,q  , cI , between the surface and adsorbed 
molecules a re  unknown, they can be estimated from the empirical rules of com- 
bination: 

EI =Gs 

(25 ) - o+% QI - - 
2 

where the force constants with the s 
cules and those without subscripts per ta in  t o  the adsorbed molecules. 

subscript per ta in  t o  the surface mole- 
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The term "physical adsorption" can now be exp l i c i t l y  defined as that 
adsorp t im for which 

k > L > 3 ,  m > n > 3  . 

In other words, a t t r a c t i v e  forces a r i s ing  from charges and permanent dipoles 
a re  excluded from consideration.* 

U s i n g  the above intermolecular potentials,  the  part, Ws , of the  M1 
energy of adsorption due t o  the  so l id  adsorbent i s  given by 

where V denotes the  e n t i r e  volume of the  so l id  adsorbent and No i s  the 
density per i3 of t he  adsorbent molecules. The integrat ion i n  Eq. (26) is  an 
approximation t o  the  ac tua l  atom-by-atom summation needed t o  evaluate Ws 
implies that t h e  intermolecular potent ia ls  a r e  additive. This lat ter assump- 
t i o n  i s  probably more serious than any made thus far but  is necessary fo r  any 
simple and usable theory. 

and 

Considering the  surface t o  be an i n f i n i t e  plane located a distance 
D belaw t h e  centers of the  adsorbed molecules i n  the  first layer (see Fig. 18, 
p.41), the  integrat ions in Eq. (26) can be performed w i t h  the result that 

4 - 
(1-2 ) (4-3 )D2-3 (k-2 ) (k-3 )Dk-3 

Ws = €hN0eI 

* Actually, the  development presented here i s  va l id  for a l l  n > 2 and the  
case 1 = 3 can be included i n  this theory by a simple extension. Haw- 
ever, a t  this t i m e  t h e  extra e f f o r t  involved does not appear t o  be 
j u s t i f i a b l e  . 
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The maximum value of Ws w i l l ,  of course, occur a t  the equilibrium value of 
D , i . e . ,  

- 40 - 
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dWS - = o  . 
dD 

Theref ore, 

such t h a t  ‘kR Defining a new constant 

R - 

Eq. (27)  can be simply wr i t ten  as  

Ws = 8 n C u N 0 D 3 q  . 

Consider now the energy of adsorption fo r  a molecule adsorbed i n  the 
f i rs t  layer. This molecule in te rac ts  w i t h  the e n t i r e  so l id  adsorbent, a l l  of 
the  other molecules adsorbed i n  the f irst  layer,  the molecules adsorbed i n  the 
second layer, and a l l  remaining adsorbed molecules. Labeling the energy con- 
t r ibut ions from these interact ions by \Is, Wll, WU , and W l J ( 3  2 j 5 M )  , 
respectively, we can wri te  W1 as 

M 
w1 = ws + Wll + WE + Wlj . 

j =3 

The average value of the W11 term i s  approximately given by 
summing over the s i x  nearest neighbors and integrat ing over the  remaining 
plane of the first layer.  The l a t t e r  integrat ion is  performed from an arb i -  
t r a r y  distance w fram the  center of the  adsorbed molecule under considera- 
t i o n  (see Mg. 18). However, since only o1 of the  first layer  i s  occupied, 
t h i s  factor must appear i n  the  summation and integration. Letting 



where a. is  the number of adsorbed molecules per i2 i n  the first complete 
monolayer and is  given by 

= 1.1547 R'* ; (33 uO 

the  Wll term can be wri t ten as  

(34 

Fig. 18 - Adsorption Geometry 

The WE term is  evaluated i n  a similar manner by summing over 
nearest neighbors and integrating over the remainder of the second layer. 
r e su l t  is 

The 

* The negative s ign appears because g(R) is  negative. 
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where R '  
second layer and the adsorbed molecule i n  the first layer, and 6 i s  a new 
arb i t ra ry  parameter which i s  the smallest value of 
The physical interpretat ion of R '  and 6 is shown schematically i n  Fig. 18. 

is the distance between the  centers of the  nearest neighbors i n  the 

p used i n  the integration. 

The evaluation of W13 forces us t o  choose one of three routes. The 
th i rd  layer may be l a i d  dawn i n  two possible ways. 
t h i r d  layer l i e  above the molecules i n  the first layer, the crystal l ine s t ruc-  
ture  called hexagonal close-packed (hcp) resu l t s .  
cubic ( fcc)  crystal l ine structure i s  obtained. 
solid s t a t e  physics tha t  there is  v i r tua l ly  no difference i n  energies between 
these two crystall ine structures.  
of ignoring the  crystal l ine s t ructure  by representing the th i rd  layer as  an 
i n f i n i t e  plane and integrating over it. 
ever, the distance between the f i rs t  and t h i r d  layers must be knawn. As sham 
i n  Fig. 18, this distance i s  denoted by and, i n  general, the distance 

These d is -  between the j - t h  layer and the f i r s t  layer i s  denoted by a 
tances a re  eas i ly  evaluated by assuming a l l  adjacent layers t o  be the same 
distance, a , from each other. Hence, 

If the molecules i n  the 

Otherwise, the face-centered 
It is  a well  known f ac t  of 

Therefore, we choose the  t h i r d  route - that 

In performing the integration, how- 

a3 
3 '  

and 

The remaining M - 3  interact ion energies a re  handled i n  the same manner. 

Collecting the above r e su l t s  together, the energy of adsorption fo r  
a molecule i n  the first layer is  given by 
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The evaluation of the  energy of adsorption fo r  a molecule i n  the r - t h  
The energy of interact ion with the  surface, Wrs , layer  can now be determined. 

can be calculated exactly a s  Ws was calculated by replacing D by D+ar . 
The result i s  

where 

-ar P - ,  

Treating the layers belaw the  r - th  layer exactly as the layers above the first 
layer  were t reated,  and l e t t i n g  

S ( r  > 1) = 0 when r = 1 , 

= 1  f o r a l l  r > l  , 

the  energy of adsorption fo r  t he  r - t h  layer can 'De wri t ten a s  
e 

r -2 M 

= 0 for a l l  j < 1 and a l l  j > M . Hotice tha t ,  f o r  r > 1  , the  
but a 1 instead. This r e f l e c t s  the  f a c t  

where 
second term does not contain 
tha t ,  i n  the  t r iangular  si te model, each adsorbed molecule must have three 
molecules immediately below it. 

ej 

With tongue i n  cheek one can now be so bold as t o  ask what happens 
a s  r approaches inf in i ty?  The energy of adsorption as given by Eq. (42) 
should approach a value f a i r l y  close t o  the energy of evaporation, \IA , of the  
adsorbate from i ts  l iqu id  s t a t e ,  i .e. ,  \Im M W4 . Assuming t ha t  evaporaticn 
takes place from the  top layer and that 
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g r - l  = 8, - 0 , 0 . ~  = 1 for  a l l  j s r-2 , 

the f i rs t  and last term of Eq. (42) of course vanish and the  next t o  last  term 
becomes a difference, 0 , of two simple power ser ies  with def ini te ,  and well  
tabulated, limits. Thus 

\?A = - 3 ~ p ( R ' )  + $ . (43 ) 

Due caution must be exercised, however, when t h i s  equation is  used since the  
model on which it i s  based must break dawn as  r becomes very large.  

Although the values of w and 6 are  arbi t rary,  it is  nonetheless 
desirable t o  ascertain their  values i n  a systematic manner. The most log ica l  
method of determining the value of w i s  t o  require the integration r e su l t  
(for 8, = 1) at  w t o  equal the correct r e su l t  obtained by ac tua l ly  summing 

distance of fi R fram the adsorbed molecule under cons ide ra t ion ,w  i. e., 

I 

, m e r  the  s i x  next nearest neighbors lying within the r - th  layer and lying a t  a 
I 

Z ( W )  = - 6 9 ( 6 R )  . (44 1 

For most cases of in te res t  the terms which a re  a function of m are  much 
smaller than the terms which depend on n and, hence, can be dropped w i t h  
l i t t l e  error.  With this approximation w can be determined as  

Using a comparable argument fo r  6 , we obtain 

These equations conclude the evaluation of the energy of adsorption. 
However, Eq. (42) is  clear ly  a function of 
examine the derivation of the adsorption isotherm of the last section i n  

Xr and we must therefore re- 
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more de ta i l .  
does not give Eq. (9 )  but, on t he  contrary, gives 

I n  fac t ,  the  differentiation of the  last expression of Eq. (8) 

dE = xng jdeg j  - WrdXr - 8, awr dXj . 
j=1 r=l r=l j=1 dej 

The last term can be rearranged t o  yield 

and the term i n  parenthesis can be evaluated as 

Thus Eq. (9)  becomes 

and yr is now given by 

where 

(47 1 

(48 1 

(49 1 

This is  the only change i n  the adsorption isotherm as given by Eq. (21). 
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C. Solution and Discussion of the  Adsorption Isotherm 

The triangular s i t e  adsorption isotherm equations, as derived i n  t h e  
two previous subsections, cannot be solved exactly but must be solved i t e r a -  
t i ve ly .  The i t e r a t i v e  solution, which i s  cal led the exact theory, i s  summar- 
ized below where the superscript  i i s  used t o  denote i - t h  i t e r a t ion .  The 
s t a r t i ng  values for  the  i t e r a t i o n  can be obtained from in t e l l i gen t  guesses or 
from the  approximate theory which i s  a l so  summsrized beluw. 
theory can be solved exactly and is  obtained by assuming t h a t  

The approximate 
Xr << Sr . 

1. Exact theory: I 

The last  equation i s  solved fo r  Or (i 1 by any standard i t e r a t i o n  method. 

2. Approximate theory (i=O): 

r -2 - T- 

j =1 
(56 1 W r  - Wrs - 3 6 ( r  > l ) c p ( R ' )  + er-1z(6) + L gjz(ar -a j )  , 
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The zipproriczzte thespy, which sfimld be val id  for moilomoiecular ad- 
sorption, has many interest ing properties. For example, when 

I n  other words, fo r  l o w  monomolecular coverage, the per cent coverage i s  di- 
r ec t ly  proportional t o  the pressure. 
for  Kr, A, and Ne on P33 carbon black.201 I n  the range where Eq. (59) i s  in-  
valid but only monmolecular adsorption i s  occurring, Eqs. (58) reduce t o  the 
conventional Langniur adsorption isotherm for  a single adsorbed layer.  It i s  
known tha t  t h i s  par t icular  adsorption isotherm f i t s  many adsorption systems 
quite well. 
Eqs.  (58) reduce t o  a superposition of t w o  Langmiur adsorption isotherms - one 
for  each layer. 
glass  a t  4.21"K. 
posit ion of Langmiur type isotherms for  each layer.  
adsorbed layers, the approximate theory appears t o  break down (see subsection 

T h i s  l inear  dependence has been ver i f ied 
I 
I 

For the  case where there are two adsorbed layers with X2 c S2, 

This superposition has been observed by Meyerw for  helium on 
For three or more adsorbed layers, Eqs. (58) give a super- 

However, fo r  more than two 

D). 

Tne exact theory is  based on a solid s t a t e  approach t o  the adsorbed 
layers and m u s t  beccme invalid for  large r when the temperature i s  above 
the melting temperature of the  adsorbate or i f  the resul tant  crystal l ine s t ruc-  
tu re  i s  neither face-centered cubic nor hexagonal close-packed. However, ap- 
proximately 50 per cent of known materials c rys ta l l ize  i n  one of these two 
structures.  
onto titanium dioxide as  i f  it were i n  the so l id  s t a t e .  This i s  log ica l  since 
the added interact ion energy due t o  the presence of the adsorbent is enough t o  
place the adsorbed molecules i n  a potential  f i e l d  on the  same order of magni- 
tude as t ha t  present i n  the so l id  of the adsorbate. It is  interest ing t o  note 
that as approaches lo8, t he  exact theory should s t i l l  be mathematically 
valid, and actual ly  predict  the properties of films several  centimeters thick. 
The exact theory a l so  predicts d i s t inc t  steps i n  the adsorption isotherm as 
each layer i s  condensed (see subsection D ) .  These d i s t inc t  steps have not yet 
been sa t i s f ac to r i ly  ver i f ied by experiments and should be validated before the 
exact theory i s  applied t o  ac tua l  systems. 

Evidence22/ has been presented tha t  helium actual ly  does adsorb 

r 
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D.  Numerical Results_ 

The exact and approximate theories have been programmed for  execution 
on an IBM 1620 Data Processing System. 
t ions tha t  t h i s  i s  the most log ica l  method fo r  obtaining numerical r e su l t s .  
Assuming the idea l  hexagonal close-packed s t ructure  ( R '  = R )  numerical r e su l t s  
have been obtained f o r  He and Ne on porous glass  a t  8.00°K, Ne on P33 carbon 
black a t  8.0QeK, and He on porous glass  a t  4.28"K. 

It i s  evident from the  previous equa- 

H a k e 3 3  has measured the  values of D and Ws fo r  s i x  d i f fe ren t  
adsorbates on porous glass and eight  adsorbates on P33 carbon black. 
values and the  nnard-Jones (6-12) force constants, 0 , c , as  given i n  

Table I I I * l i s t s  the more interest ing parameters fo r  s i x  adsorbat.es on porous 
glass.  The values of Ws/k a re  quite high and demonstrate t h a t  adsorption 
i s  an important phenomenon - even for the  i n e r t  gases. The values of WQ/k 
as  calculated frcm Eq. (43)  agree very poorly with the  measured values of 
bIQ/k . 

Using h i s  

Hirschfelder, $- many of the various adsorption parameters can be obtained. 

Th i s  was t o  be expected. 

Using the parameters l i s t e d  i n  Table I I Iand  a value of 0.@2 for  No, 
the approximate and exact theories were used t o  calculate the t r iangular  s i t e  
adsorption isotherm for  He on porous glass  a t  temperatures of 4.28O and 8.00°K. 
The resu l t s  a re  plot ted i n  Fig. 19 where "monolayer coverage'' i s  defined a s  
the  r a t i o  of the t o t a l  number of adsorbed molecules and the number of s i t e s  
present on the adsorbent, i .e.,  A/B . The approximate theory appears t o  be 
f a i r l y  good f o r  A/B < 3 but f a i l s  badly for  higher pressures. However, the 
most s t r ik ing  features of Fig. 19 a re  the very abrupt steps exhibited by the 
exact theory. 
numerical data for 4.28"K. A t  a pressure of 1.966 x atm., the f irst  
layer i s  only 3.34 per cent covered, whereas a t  a pressure of 1.967 x 
atm., the f i r s t  layer has a coverage of 99.95 per cent with no atoms i n  the 
second layer! This apparent condensation can be explained i n  the following 
maAmer. 
i n  pressure w i l l  increase the coverage by a few tenths  of a per cent.  
r e su l t  i s  not new and i s  comon t o  most adsorption isotherms.) 
Eq. (42) it i s  seen t h a t  an increase of t h i s  magnitude s igni f icant ly  increases 
the adsorption energy which exponentially increases the coverage i n  tha t  layer,  
which i n  turn  
mensional condensation of each layer .  This physically ju s t i f i ab le  condensation 
w i l l  not occur i n  adsorption isotherms which neglect the  intralayer  intermolec- 
u l a r  potent ia ls .  

These abrupt steps a re  even more s t r ik ing  when one examines the  

When a layer i s  f i l l e d  t o  a cer ta in  threshold value, a very small r i s e  
(This 

However, fron! 

increases the adsorption energy, e t c .  The result i s  a two d i -  

* Due t o  a programming e r ro r  the value of 6 l i s t e d  i n  the  tab le  i s  too 
large and should actual ly  be s l i g h t l y  smaller than w . However, t h i s  
error  should not s ign i f icant ly  a l t e r  any of the r e su l t s  herein. 
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The "effective" adsorption energy, & , i s  defined as 

The ef fec t ive  adsorption energies fo r  the first four layers of the above 
adsorption system a t  4.28"K are plot ted i n  Fig. 20. Again, the  two-dimensional 
condensation of the  adsorbate is  seen t o  occur for  one layer a t  a t i m e .  This 
condensation i s  wideniably present i n  the  exact theory and provides an excel- 
l e n t  c r i t e r ion  for  the va l id i ty  of the theory. However, caution must be exer- 
cised when attempting t o  experimentally detect these condensations since, a t  
the higher pressures, the condensations may occur so frequently t h a t  the ad- 
sorption isotherm may appear t o  have a gradual slope. 

To investigate the e f fec t  of the adsorbent, adsorption isotherms 
were calculated fo r  neon on porous glass  and on P33 carbon black at a tempera- 
t u r e  of 8.00°K. It i s  evident t h a t  the 
P33 carbon black i s  the b e t t e r  adsorber. 
since, according t o  Halsey,% the heat of vaporization of the f i rs t  layer,  a t  
very lar coverages, i s  higher on porous glass than on P33 carbon black. 
is eas i ly  explained by looking a t  Fig. 22. Although the value of Us fo r  
neon on porous g lass  is  higher than t h e  value of fo r  neon on P33 carbon 
black, the first layer on g lass  i s  closer t o  the  surface than the first layer 
on P33. The resu l t ,  as sham by the curves, is t h a t  t h e  surface interact ion 
energy f a l l s  off more rapidly above glass  than above P33. The net result i s  
t h a t  P33 carbon black is the  be t t e r  adsorber. Also shown i n  Fig. 22 a re  the 
curves for  hydrogen and helium on porous g l a s s .  
hydrogen more e f fec t ive ly  than helium i s  not surprising. 

The isotherms are  plotted i n  Fig. 21. 
This  may a t  f irst  seem surprising 

T h i s  

I!, 

The r e su l t  t h a t  glass  adsorbs 

O f  the s i x  adsorbates l i s t e d  i n  Table III,helium, hydrogen, and 
nitrogen s o l i d i f y  i n  the hexagonal close-packed s t ructure ,  whereas argon and 
neon s o l i d i f y  i n  the face-centered cubic s t ructure .  The c rys ta l  s t ructure  for 
so l id  oxygen is  not de f in i t e ly  known. 
been f o r  the  i d e a l  hexagonal close-packed c rys t a l  s t ructure ,  it i s  of i n t e re s t  
t o  compare some of the  calculated r e su l t s  f o r  heliun, hydrogen, and nitrogen 
with the r e s u l t s  obtained f romthe  true crys ta l  s t ruc ture  of these three ad- 
sorbates.!%/ This is done i n  Table I V  where is the density of the l iqu id  
state i n  grams per c$, and the  m and c subscripts re fer  t o  measured and 
calculated, respectively. The r e su l t s  for nitrogen are  i n  very good agreement, 
whereas for  hydrogen and helium the values of R a s  taken from H i r s c h f e l d e r g  
appear t o  be too  small. T h i s  agrees w i t h  S t e e l e w  who found t h a t  
fo r  helium. Moreover, fo r  argon on P33 carbon black, Sam%/ observed t h a t  tkie 
Imrmrd-Jones (6-12) force constants were changed by about 20 per cent from the  
gas-gas values. 

Since the computer calculations have 

pi 

R = 3.7 A 
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TABLE I'J 

CCMPAFSSON B E T "  CALCULATED AND I*52ASURED CRYSTAL STRUCTURFS 
FCR T W E  ADSCXBATES 

Adsorbate & 
He 3 -57 2.87 2.91 2.35 0. I25 0.398 

3 .75  3.29 3.c6 2.69 0.071 0.133 
N 4. c4 4.15 3.34 3.39 0.830 0.920 
*2 

The main d i f f i c u l t y  i n  using the  t r iangular  s i t e  adsorption isotherm 
i s  i n  obtaining values of D and Ws f o r  the adsorption systems of i n t e re s t .  
This d i f f i c u l t y  i s  not insurmountable, hmever, since Halsey!?!? has already 
accomplished t h i s  f o r  two adsorbents and eleven adsorbates. The Lennard-Jones 
(6-12)  force constants a r e  well  tabulated for most adsorbates&?/ and present 
no problem. Although, as shown i n  the  previous paragraph, these force con- 
s t an t s  may not be very accurate, they will undoubtedly suf f ice  for  the present.  
Provided the  theo re t i ca l  isotherms presented here a re  experimentally ver i f ied,  
the p rac t i ca l  applications t h a t  r e s u l t  w i l l  be of s ign i f icant  value. 
ample, consider a hypothetical case where an engineer i s  designing a glass  
cryopanel t o  operate a t  a pressure of 1 0 - l - O  a t m .  I f ,  a t  a temperature of 8"K,  
a cryopanel with a surface area of 4 IT? i s  suf f ic ien t  t o  do the par t icu lar  job, 
the curves i n  Fig. 19 show qui te  vividly that  a cryopanelwith a surface area 
of 1 m2 but operating at  a temperature of 4.28"K would do a comparable j o b .  I n  
other words, by decreasing t h e  temperature by one-half, the  required surface 
area i s  decreased by one-fourth. The choice between these two poss ib i l i t i e s  
could then be based on econcmics. Another example of more s c i e n t i f i c  value i s  
t o  use the t r iangular  s i te  adsorption isotherm t o  invest igate  intermolecular 
potent ia ls ,  i .e. ,  t o  determine k , A , m , and n as molecules a re  more 
closely packed when passing from the gas t o  t he  adsorbed s t a t e  and from the 
adsorbed t o  the  so l id  s t a t e .  

For ex- 
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IV. DEVELOPMENT OF A TOTAG-PRESSURE GALGE FOR 

READINGS BELOW TORR 

Cold cathode magnetron gauges of a comerc ia l  type (NRC type 552 
Redhead gauges) were chosen for  t h i s  study. 
treme high vacuum system used f o r  these experiments w a s  capable of driving the 
magnetron gauges t o  cutoff, i . e . ,  the  low pressure at which a discharge can no 
longer be sustained. A t  t h i s  point it could be said t h a t  the tube has " f a l l en  
out of strike." !The same tendency t o  cutoff may account for  the break from a 
l inear  response at l o w  pressures. The following sections describe the charac- 
t e r i s t i c s  of the  gauge and improvements affected by a cesiat ion treatment. 

It was f i rs t  noted tha t  the ex- 

A .  Discussion 

A major source of electrons i n  the magnetron gauge is  from gas mole- 
cule ionizations. The f i e l d  emission current was del iberately made low t o  avoid 
the  fixed background current which plagued the  e a r l i e r  Penning gauges. A d i s -  
advantage of the low f i e l d  emission current i s  the reduced a b i l i t y  of the  tube 
t o  s t r ike  at low pressures ( s t r ik ing  t i m e  may be 10 o r  15 min.). 

An approach t o  both the s t r ik ing  and cutoff problems would be the  
It seemed feasible  t o  addition of a pressure dependent source of electrons.  

obtain such a source of electrons from the  cathode by lowering i t s  work func- 
t i o n  so t h a t  impinging ions would cause electron emission. Tne additional 
electrons would be drawn through the  recording ampneter i n  the cathode c i r cu i t ,  
thus raising the sens i t i v i ty  of the  gauge. 
would help sustain the discharge. 

In addition, the added electrons 

Cesium metal could be deposited on the cathode of a magnetron tube t o  
a f fec t  the desired reduction of work function and enhanced electron emission. 
However, it was feared tha t  a cesium coating could cause a fixed photo-electron 
current background or  permit heavy f i e l d  emission t o  the  anode. (The purpose 
of the  intermediate auxi l iary cathode i s  t o  prevent such f i e l d  emission from 
the  main cathode t o  the  anode.) Field emission current would not be pressure 
dependent and could place a fixed lower l i m i t  on the  gauge readings similar t o  
the  x-ray background e f f ec t .  

Following a number of experimental treatments with cesium metal, it 
was determined t h a t  an undesirable fixed current, equivalent t o  a 2 x 10-l-o 
Torr reading was produced by an excessive treatment with cesium. 
normal or l i g h t  treatment does not cause t h i s  detrimental e f fec t  and does pro- 
duce advantageous r e su l t s  such as instantaneous s t r ik ing  and increased sensi t iv-  
i t y  (see subsection C below). 

However, a 
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A n  extreme high vacuum system, which was specially designed t o  main- 
t a i n  an equilibrium flow r a t e  of a known gas, was used f o r  these experiments. 
The two magnetron gauges were separated by a known conductance so tha t  a pres- 
sure r a t i o  w a s  established between them. 
w a s  introduced in to  the system so tha t  the operating pressure could be varied. 

A regulated flow of a suitable gas 

He l ium gas w a s  chosen fo r  these experiments f o r  two reasons: 
Pure helium gas with ju s t  10 par ts  per million impurity may be obtained and ad- 
mitted t o  a vacuum system through a vycor glass diffuser;  and (2)  helium w i l l  
not be s ignif icant ly  adsorbed by the  l iquid nitrogen cold t raps .  
flow of pure helium w a s  used t o  Froduce a rel iable  pressure d i f f e ren t i a l  be- 
tween the  two gauges. 
through 
l i a b l e )  

(1) 

Thus, the  

A wide range of pressure was covered from 10-6 Torr 
Torr and below ( u n t i l  the  detection of ion current became unre- 

by varying the flow r a t e  of helium through the diffuser.  

Continuous p lo ts  of the two gauge outputs were recorded w i t h  a dual. 
channel chart recorder. The p lo ts  show: the or iginal  gauge response; the  
point of break; and the new response curve. The pressure r a t i o  between t w o  
gauges permitted a d i rec t  comparison of readings from the gauge above the  
break point (7 x When 
the higher pressure gauge was at  i t s  break, the  lower pressure gauge w a s  indi- 
cating 6.5 x Torr. Therefore, the r a t io  of readings w a s  suf f ic ien t ly  
large so tha t  the higher pressure gauge readings remained i n  the l i nea r  response 
range while the lower pressure gauge readings dropped below the break. The ar- 
rangement of pressure r a t io s  (between 5 and 100) was careful ly  chosen t o  insure 
re l iab le  gauge comparisons. 

Torr fo r  helium) t o  the gauge below the break. 

Cesiation was accomplished by introducing cesium n i t r a t e  near the 
envelope of one gauge, then select ively baking tha t  region of the vacuum sys- 
t e m  t o  425°C under vacuum. 
nitrogen cold t r a p  w a s  maintained between the two gauges t o  limit the cesiation 
t o  one gauge only. 
the cesiated gauge by d i rec t  comparison t o  the noncesiated gauge. 

(Cesium n i t r a t e  decomposes above 414°C.) 

A new sens i t iv i ty  and response curve was then plotted for  

A l iquid 

A cesiat ion treatment may be easi ly  applied t o  a magnetron gauge by 

I n  the r e su l t s  section below, the 
simply introducing a few grains of cesium n i t r a t e  in to  the system, then per- 
forming a normal vacuum bake-out t o  425°C. 
advantages and disadvantages of such a treatment are  given. 
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C .  Results 

Figure 23 presents the typ ica l  r e su l t s  of a number of gauge compari- 

Curve 2 i s  a 
son experiments. 
cathode magnetron gauge (No. 1) operating above the  break poiat .  
plot  of the simultaneous response of a second Redhead gauge (No. 2 )  operating 
continuously a t  a pressure of one order of magnitude lower. 
sure differential. i s  ver i f ied by the  simultaneous readings of both gauges from 
10-6 Torr down t o  7 x 10-10 Torr (indicated fo r  helium). 
ings then break below the or iginal  curve and es tab l i sh  a new response Curve 3. 

Curve 1 is a p lo t  of the l inear  response of a Redhead cold 

This constant pres- 

The second gauge read- 

Curve 4 is a plot of the response from Gauge N o .  2 a f t e r  a "moderate" 
cesiation treatment. Gauge N o .  1 has not been cesiated and the response s t i l l  
follows Curve No. 1. The actual  pressure d i f f e ren t i a l  between the gauges i s  
s t i l l  an order of magnitude, but the  sens i t i v i ty  of Gauge No. 2 has apparently 
increased by a factor  of two so tha t  a continuous r a t i o  of f ive  t o  one i s  re- 
corded from Torr down t o  the same indicated break point. 
correction f o r  sens i t iv i ty  r i s e  places the  new break at one-half the pressure 
value of the previous break point.  ) 
t h i s  cesiated gauge then deviates from l inea r i ty  and follows Curve 5 with a 
slope of 1.43. Corrections for  the nonlinear response below 7 x 10-1O Torr 
(indicated) may be made by comparing ve r t i ca l  points on Curves 4 and 5.  

(However, the 

The ion current-to-pressure response of 

The r i s e  i n  sens i t iv i ty  and corresponding lowering of the break vere 
both anticipated benefits  t o  be derived from a cesium treatment of the catklode. 
That is, the  cesiation apparently d id  provide a beneficial  source of electrons 
t o  sustain the magnetron discharge. These r e su l t s  are more indicative of the 
basic problem than they are useful since they vary with the degree of cesiation. 
One def ini te  benefit of cesiation w a s  the  a b i l i t y  of the tubes t o  s t r ike  in- 
stantaneously even at pressures which produced ion currents of just 
The gauges retained t h i s  a b i l i t y  t o  s t r ike  ins tan t ly  even a f t e r  the sens i t i v i ty  
gain had been depleted. 

 am^. 

The degree of s ens i t i v i ty  r i s e  w a s  found t o  depend upon the amount of 
A heavy treatment could r a i se  the ion current response t o  cesiat ion treatment. 

37 amp 
rent of 1.1 x amp w a s  produced. Therefore, a pressure l i m i t  of 2 x 
Torr was imposed on the gauge even though the comparison gauge showed the pres- 
sure t o  be i n  the 
a l i gh t  or "moderately" cesiated gauge. 
duced t o  the "moderate" l eve l  by merely rebaking the system. 

Torr (nearly an order of magnitude higher) but a fixed background cur- 

Torr range. This background current did not ex i s t  i n  
A heavily t reated gauge could be re- 
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Fig. 23 - A Composite Graph of the Original Indicated Pressures fo r  Helium, 
The From a Number of iiedhead Gauge Comparison Tests (see p. 58).  

response of Gauge 1 (Curve 1) i s  taken as l inear  and used for  com- 
parison t o  d r a w  CurVes 2 and 4 from indicated pressure r a t io s .  
2 follows Curve 2 for  values above 7 x 
breaks from l inea r i ty  below tha t  point and establ ishes  Curve 3 .  
gauge response w a s  raised t o  Curve 4 by ces ia t ion  (although the actual  
pressure r a t i o  remained constant) readings again followed l inea r i ty  t o  
3 x 10'' amp before the break t o  Curve 5. 
creased sens i t iv i ty  shows t h a t  the break point was lowered by cesia- 
t i o n  t o  3.5 x Torr. 

Gauge 
Torr (3  x amp), but 

The 

Correction fo r  the in- 
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These r e su l t s  (p. 58) indicate  t h a t  a magnetron gauge operation may be 
extended below 10m13 Torr. 
drawn from the data plots ,  but it is  obvious that gauge comparisons and "cal i -  
brations" performed at these extremely low pressures will remain at best  ques- 
t ionable until an absolute pressure standard is applied. 

Additional observations and conclusions could be 
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V. INVESTIGATION OF TBE ADHESION OF MFTALS EXPOSED 
TO VACUUM AND TRERMAL 0Z;"TCASSIISG 

Cold welding experiments were performed w i t h  metal samples commonly 
used i n  space vehicle construction: 
a l loy  (X-2020-%), and titanium a l loy  (6 per cent aluminum and 4 per cent va- 
nadium). 

stainless s t e e l  (type 301 1/2 HD), aluminum 

The tests were arranged t o  duplicate the conditions t o  which these 
(1) combined thermal and vacuum degassing, 

The l a t t e r  condition w a s  more d i f f i c u l t  t o  

materials may be exposed i n  use: 
o r  ( 2 )  vacuum exposure without thermal treatment ( t o  simulate the case of metal 
pa r t s  shot d i r ec t ly  in to  o rb i t ) .  
simulate since the attainment of an ultra-high vacuum usually requires some 
bake-out procedure. A vacuum of 3 x Torr, the  equivalent of a 350 mile 
ear th  a l t i tude,  w a s  at tained without exposing the samples t o  bake-out; these 
t e s t s  were extended t o  1,000 h r .  duration. I n  another experbent,  a pressure 
of lo-* Torr ( j u s t  within the UHV range) was maintained during thermsl degassing 
at 35OoC f o r  100 hr. duration. 
t e r m  vacuum exposure w e r e  applied separately and i n  sequence t o  sample pa i r s  
with or iginal  surface texture and t o  samples with polished surfaces. 
sults of adhesion measurements performed first i n  air  and following each of the 
treatments l i s t e d  above were the same. 
welding resulted.  The subsections A, B, and C below present a discussion of 
cold welding research i n  general, techniques developed here, and r e su l t s  ob- 
tained. 

Chemical cleaning, thermal outgassing, and long 

The re- 

That is, no increase of adhesion or  cold 

A. Discussion of Cold Welding Phenomena 

It i s  known from the l i t e r a t u r e  tha t  some metals have shown the 
phenomena of s inter ing under elevated temperature. 
metal surfaces may be observed for  some ductile samples under deforming loads. 
That is, a threshold energy bar r ie r  may be overcome by adding thermal enerEy 
e i the r  d i r ec t ly  or  by heavy compressive loading. 
necessary purpose toward achieving full bulk adhesion, i.e., p l a s t i c  defcrna- 
t i o n  of the surfaces t o  render a large area of contact. For prac t ica l  struc- 
t u r a l  materials, with the normal amount of surface roughness, such loading 
above the  deformation l eve l  appears t o  be a necessary ingredient fo r  a sig- 
nificant "cold welding" e f fec t .  
reported between moving metal par t s  with low l eve l  loading i n  a vacuum environ- 
ment. 
i n  removal of oxides and other contaminants and by the  promotion of asper i ty  
welding. 

Also, bulk adhesion of 

"he loading may serve agptfier 

However, there have been indications of seizure 

In  these cases abrasive action may be a necessary ingredient resul t ing 
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The phenonenon of cohesion of clean atomically smooth surfaces has 
been demonstrated for  lamellar s i l i c a t e  minerals 
cleaved along the basal plane i n  811 ultra-high vacuum of Torr, then al- 
lowed t o  reheal by a touch contact, without i n t e r f ac i a l  loading. The molecu- 
l a r l y  smooth and clean surfaces're-established cohesion t o  87 per cent of the 
or iginal  bulk c rys ta l  value.=/ 
a large real  area of contact may be expected t o  cohere i f  the net f ree  energy"/ 
of the pair  i s  lowered by the formation of an interface.  
has been show& t o  ex is t  theoret ical ly  fo r  mica, as may be readi ly  visualized 
from the  ionic bonding scheme, i .e. ,  the a t t r ac t ive  charge d is t r ibu t ion  on 
cleaved layers of mica%/ assures a reduction of f ree  surface energy as the 
layers pul l  back together. 

Mica c rys ta l s  were 

This r e su l t  indicates t ha t  clean surfaces with 

The l a t t e r  condition 

The results of previous experiments such as the one jus t  mentioned 
have contributed some understanding of the  cold welding phenomena. 
important problem remains t o  be answered: 
with oxide layers and normal surface roughnesses and under the  conditions of a 
vacuum environment, exhibit cold welding? The negative answer obtained here 
(see section C below) seems t o  be i n  agreement with the c r i t e r ion  of f ree  
energy change* The metal surfaces with s table  oxides would not be expected 
t o  experience a lowering of f ree  surface energy when brought in to  contact. In  
addition, the surface roughness of even the polished samples would prevent 
large area contact, so tha t  cold welding was neither expected nor observed for  
the metal samples and the simulated conditions of prac t ica l  use applied i n  t h i s  
study. 

Now an 
will ordinary s t ruc tura l  materials 

B. Equipment and Techniques 

1. Metal samples for  cold welding t e s t s :  Samples were formed for  
s ta in less  s t e e l  (type 301 adhesion studies from three s t ruc tura l  materials: 

1/2 HD), aluminum (X-2020-T6) and titanium al loy ( 6  per cent aluminum and 4 
per cent vanadium). 
plates  as used i n  construction of some space vehicles. 

The se t s  of sample pairs  were cut from the  same large 

The 1 cm.2 surface areas chosen were, of course, f ree  of unusual de- 
f ec t s  such as abrasion marks. 
was lef t  unaltered while the surface of other samples was mechanically polished. 
All samples were chemically cleaned t o  remove d i r t  and o i l s .  

For some samples the or iginal  surface texture 

Sample dimensions are as follows: contact faces of 1.0 cm. x 1.0 cm., 
thickness 0.25 cm., reverse side face on one sample of each pa i r  i s  1.0 cm. x 
1.2 cm. The tapered edges of the one sample permit glass clamps t o  hold that 
piece r igid while the other member of the pa i r  i s  f r ee  t o  move (see Fig. 24). 

- 62 - 



- 63 - 



The glass support members were designed t o  accommodate thermal expansion of t he  
metal samples. Two samples of each material  l i s t e d  above were mounted as pa i r s  
with the i r  faces exposed f o r  vacuum outgassing. The tube, containing the s a -  
ple  pairs,  may be rotated so tha t  the f r ee  sarrples f a l l  onto the fixed members 
with a 1 cm.2 interface (Fig. 24).  
hesion between the f r ee  and fixed samples i n  terms of the m a x i m u m  angle of re-  
pose. 
ro ta t ing  the tube t o  i t s  or ig ina l  posit ion.  

Continued ro ta t ion  provides a measure of ad- 

The i n t e r f ac i a l  surfaces may again be opened fo r  vacuum outgassing by 

2. Redhead gauges used as vacuum pumps: Cold cathode magnetron 
ionization tubes (NRC Type 552 Redhead gauges) were employed as both pressure 
measuring devices and vacuum pumps. The gauge ionizes gas molecules then ac- 
celerates  them through a 6,000 V. po ten t ia l  t o  the cathode. The current flow 
gives a measure of pressure while the physical bu r i a l  of ions i n  the cathode 
provides a pumping action. 

The ionization eff ic iency and ef fec t ive  volume of a Redhead gauge i s  
high compared t o  tha t  of a Bayard-Alpert type gauge; a l so  the accelerating po- 
t e n t i a l  i s  200 times greater,  thus increasing the effect ive bu r i a l  of ions. 
Since Bayard-Alpert gauges have been successfully used as pumps with a speed of 
0.04 l i t e r / s ec  it i s  apparent t ha t  Redhead gauges should be at l e a s t  25 times 
more e f f ic ien t  with a speed of 1 l i t e r / s ec  ( fo r  nitrogen).  

A 6,000-v. power supply w a s  adapted t o  simultaneously provide the 
anode potent ia l  for  a number of Redhead tubes (see Fig. 25).  m e  tubes may be 
operated indef in i te ly  with only t h i s  voltage source and permanent magnets. 
Pressures may 5e monitored at any time by connectiDg a control unit  (NRC model 
752) t o  each tube a l te rna te ly .  
term t e s t s  of the  e f fec ts  of an ultra-high vacuum environment. 

This arrangement provides for  inexpensive long- 

3 .  Getter-ion pumps used fo r  outgassing and f o r  a movable system: 
A UHV system was constructed t o  process the nagnetron tubes pr ior  t o  seal-off .  
Figure 26 shows two tubes mounted fo r  bake-out. The tubes are connected through 
glass  seal-offs of high conductance. This auxi l ia ry  vacuum system i s  a l so  used 
t o  rigorously outgas component par ts ,  such as the  helium permeation chamber, 
before attaching t o  the  p a r t i a l  pressure analyzer system. 

Another Uw system, s i m i l a r  t o  t ha t  of Fig. 26, w a s  mounted on a ro-  
t a t i o n  axis fo r  cold welding t e s t s .  
w a s  used t o  advantage by simply removing the heavy magnet and high voltage lend, 
then ro ta t ing  the  en t i r e  system (see Fig. 27) unt i l  the sample pa i r s  f e l l  t o -  
gether and then reached the m a x i m u m  angle of repose. A reverse rotat ion,  with 
the getter-ion pump passing through a s l o t  i n  the  table ,  caused the samples t o  
f a l l  apart for  continued vacuum exposure. 

The portable nature of the  get ter- ion pump 
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Fig. 26 - Auxiliary Vacuum System f o r  Long-Term Degassing and Preparation of 
Bperiments fo r  the  Analyzer System (Fig.  12).  Two Magnetron 

Tubes Are Mounted for  Bakeout Pr ior  t o  Glass Seal-Off. 
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Fig.  27 - A UHV System f o r  Cold Welding Tests i n  !lhich t h e  Portable  Nature 
of t he  Getter-Ion Pump Permits Sample Manipulation ( see  p .  

64) via Gravi ta t iona l  Force. A Machine Bolt Serves as 
t h e  Rotation Axis f o r  t h e  System. 
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C .  Results of Cold Welding Tests 

Cold welding experiments have been performed under various re la ted  
conditions of vacuum, time, and temperature. Adhesion t e s t s  were performed at  
each s tep of the experiments: before evacuation, a f t e r  long-term exposure t o  
ultra-high vacuum, and following bake-out. Each of these measurements showed 
t h a t  no increase of adhesion occurred between the  metal samples as a result of 
e i the r  thermal degassing or  long-term exposure t o  vacuum environment. 

The quantitative r e su l t s  fo r  the aluminum, titanium, and s t a in l e s s  
s t e e l  samples with or ig ina l  surface textures  were as follows: 
chemical cleaning, the maximum angle of repose measured i n  a i r  w a s  2 8 O ;  (2) 
following exposure t o  a high vacuum of 5 x 
of repose s t i l l  measured 28"; (3) following a 100 hr .  bake a t  350°C under a 
5 x 

(1) a f t e r  

Torr fo r  500 hr .  the angle 

Torr vacuum the angle was again 2 8 O .  

Aluminum, titanium, and s t a in l e s s  s t e e l  samples with polished faces 
gave the following resu l t s :  (1) the m a x i m u m  angle of repose between the sam- 
ples  i n  a i r  was 21"; (2)  during exposure t o  an ultra-high vacuum of 3 x 10-lo 
Torr the angle varied randomly between 20 and 23O, but the average remained 
approximately the  same for  exposures of 100, 500 and 1,000 hr; (3) following a 
combined thermal-vacuum degassing at 350°C and 10-8 Torr for  100 h r .  the  maxi- 
mum angle of repose s t i l l  averaged 21' indicating that no change of adhesion 
resulted from any of these vacuum treatments. 
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